Measurement of transsarcolemmal voltage-gated Ca2' current ('Ca) in myocytes isolated from immature rabbit heart has demonstrated an unexpectedly low level of Ca2`channel activity. We have characterized the kinetic properties of lCa in acutely isolated 21-day fetal, 1-5-day-old neonatal, and adult cardiac myocytes by the whole-cell voltage-clamp technique. The membrane potential for half-maximal steadystate inactivation became less negative with maturation (-24±3 [mean-tSEMI mV, n=5; -19+2 mV, n=5; and -11+2 mV, n=6 for fetal, neonatal, and adult myocytes, respectively;p<O.O05). In contrast, the From the recently demonstrated a progressive increase in 'Ca density throughout fetal and early perinatal life.12 In addition, voltage-gated Ca2+ channels in neonatal myocytes are less responsive to ,B-adrenergic stimulation13 and exhibit a lower prevalence of T-type 1Ca-1" These results lead us to hypothesize that other characteristics of the current (e.g., slow inactivation or sustained "window" currents) might be responsible for enhanced transsarcolemmal Ca2+ transport in immature cells. Accordingly, we have compared the kinetic properties of 1Ca in ventricular myocytes isolated from fetal, neonatal, and adult rabbits.
membrane potential for half-maximal steady-state activation was not statistically different among the age groups studied. These parameters accurately predicted the voltage dependence of the sustained 'Ca present at the end of a 400-msec depolarization. This "window" current was significantly smaller in immature cells than in adult cells and occurred at a more negative membrane potential in the younger age groups.
The time course of inactivation of ICa was not significantly diflerent between age groups. However, lca was inhibited by increasing the frequency of stimulation. This effect was most prominent in immature cells, particularly at more positive holding potentials. This developmental alteration in the frequency dependence of 'Ca was due in part to a prolonged time constant of recovery from inactivation in the younger age groups. In summary, the kinetic properties of lC. in immature cardiac cells place them at a relative disadvantage in terms of the total Ca2' influx during a depolarization. Thus, the role of 'ca in the control of cell contraction may change with development. (Circulation Research 1993; 72:1065 -1074 KEY WoRDs * heart * inactivation * immature myocardium * window current * recovery from inactivation * development In mature myocardium, Ca'+ influx across the sarcolemma via voltage-gated Ca'+ channels (Ca'+ channel current [Ica] ) triggers the release of large quantities of Ca2+ stored in the sarcoplasmic reticulum (SR), resulting in cell contraction. 12 In contrast, immature mammalian myocardium lacks the well-developed SR and t-tubule system of the adult. 3 Furthermore, Ca2-sequestering capabilities are diminished in isolated SR vesicles from immature as compared with mature myocardium,4 and the immature heart lacks Ca21-induced Ca`release, a marker of SR Ca2' release activity.5 Studies in several different preparations have demonstrated an increased reliance of immature myocardium on external Ca'4 for contractile function.9
Thus, 'Ca has been thought to play a predominant role in Ca'2 influx in the immature heart. However, recent reports indicate that peak lC. is in fact relatively deficient in immature rabbit myocytes as compared with adult cells. Peak 'Ca density is smaller in neonatal myocytes than in adult myocytes,'0411 and we have
Materials and Methods

Experimental Preparation
Application of the whole-cell voltage-clamp tech-nique14 to recordings of Ica in ventricular cells isolated from neonatal rabbit heart has recently been validated. 15 Single cardiac myocytes were isolated by enzymatic dissociation as previously described. 12 Briefly, pregnant New Zealand White rabbits (day 21 of gestation; day 31 is full term) were heparinized (1,500 units) and anesthetized (150 mg pentobarbital). Fetal hearts were excised and perfused with warmed (370C) oxygenated Tyrode's solution containing (mM) NaCI 136, KCI 5.4, NaH2P04 0.33, MgCl2 1, HEPES 10, D-mannitol 4, thiamine 0.6, glucose 10, and pyruvic acid 2 and titrated to pH 7.25 with NaOH. Hearts from neonatal (2-5 days old) and adult (1.5-2.5 kg) rabbits were obtained in a similar fashion. Enzymatic digestion with collagenase (300 units/ml, type 1, Sigma Chemical Co., St. Louis, Mo.) and protease (0.7 units/ml, type XIV, Sigma) was continued for 3-5 minutes for fetal, 7 with CsOH. Background K+ currents were blocked with Cs+ in the bath and pipette solutions. In low (0.1 mM) external Ca 2+ or in the presence of external Ni2+ (5 mM) or Cd 2 (0.1 mM), 'Ca is inhibited by >90%. The residual timeindependent current increases linearly with voltage in the range of -90 to + 10 mV and is not measurably different from zero at 0 mV. This current is assumed to reflect a nonspecific leakage current across the tight-seal junction and is corrected accordingly (seal resistance ranged from 2 to 20 Gfl).
The cell membrane was depolarized every 5 seconds from a holding potential of -80 mV, and transsarcolemmal current was sampled at 1 kHz. The data were stored in digital form on the hard disk of a microcomputer (ARC 386S/20, Pace Computer Inc., Commerce, Calif.) with a Labmaster analog-to-digital converter and PCLAMP software (Axon Instruments, Inc., Foster City, Calif.). The current signal was filtered at 1 kHz using an eight-pole Bessel filter (Frequency Devices Inc., Haverhill, Mass.). Microelectrode offset potentials were compensated before approaching the cell membrane. Series resistance compensation (80-90%) with paraffin-coated pipettes was used for adult cells. Because of the small amplitude of the currents recorded from immature cells (<300 pA), the potential drop across the access (series) resistance was <3 mV. Therefore, series resistance compensation was not used for fetal or neonatal cells. Cell capacitance (determined as the steady-state current required to hyperpolarize the cell membrane by 5 mV in 5 msec) was used as a measure of cell surface area in calculating 'Ca density.'5
Statistical Analysis
Values are presented as mean + SEM unless otherwise indicated. Statistical significance was determined by analysis of variance with repeated measures using BMDP (BMDP Statistical Software, Inc., Los Angeles).
Results
Time and Voltage Dependence of ICa
ICa was recorded for depolarizations to test potentials from -50 to +60 mV from a holding potential of -80 mV. Figure 1 illustrates the voltage dependence of ICa for cardiac myocytes isolated from fetal, neonatal, and adult rabbits at various times after cell depolarization. Typical currents at each age (see inset) displayed a maximal amplitude at membrane potentials of +10 or +20 mV. In all three age groups, lCa density rapidly decreased over the initial 100 msec of depolarization as the channels inactivated. At the end of a 400-msec depolarization, only a small sustained inward current remained for depolarizations to -20 or -10 mV in fetal and neonatal cells and to -10 or 0 mV in adult cells. Consistent with previously reported results, peak inward current density increased with development.slt'-1 Steady-State Activation, Inactivation, and Window Currents Significant sustained inward ICa has been reported in preparations of neonatal rat cardiac myocytes16 and canine Purkinje cells.17 This sustained current occurs at membrane potentials ranging from -20 to + 10 mV and is the result of the combined effect of partial activation and incomplete inactivation of lCa during long depolarizations ("steady state"). The magnitude of such a window current can often be predicted from the product of Ca2+ channel activation and inactivation in the steady state. 16 Accordingly, steady-state activation (d.) and inactivation (f.) of ICa were compared among the various age groups. The voltage dependence of d, is depicted in the top left panel of Figure 2 for each age group.'8 The activation curve shifted toward slightly more positive membrane potentials with increasing age. Data from individual cells were fit to the Boltzmann equation 2 is the membrane potential producing half-maximal activation, V is voltage, and K is a measure of the steepness of the voltage dependence of activation. V,/, was -0.65+±3.9 mV (n=5), 1 In contrast, steady-state inactivation (the bottom left panel of Figure 2 ) demonstrated a significant shift toward more positive membrane potentials with increasing age. Data from individual cells was fit to the Boltzmann equation f, ={l+exp[(V-V,1 )/K]}-l. For inactivation data, V,i was -24±3 mV (n =5), -19+2 mV (n=5), and -11±2 mV (n=6) for fetal, neonatal, and adult myocytes, respectively (p<0.005). Again, the parameter K for inactivation was not different among the age groups (7.6± 1. In Figure 3 , the current remaining at the end of a 400-msec depolarization (sustained inward current) is compared with the calculated window current derived from the d. and f. data. Window current at each membrane potential is calculated as d. xfm xgx (Vt-Vr) = 1,x f., where g is the conductance of lca, Vt is test potential, Vr is the reversal potential for lCa' It represents peak ICa at Vt, and d. is calculated as It/ [gx (Vt-Vr)] (see Figure 2 ). The voltage dependence of the calculated window current is quite similar to that of the sustained inward current (see also Figure 1 branepotential during a 400-msec depolarization. Ic is measured at the peak ofinward current as well as at 50 and 400 msec after the beginning of the depolarization (depicted as the most negative to least negative current values, respectively). Mean current density from fetal myocytes (n =5, top panel), neonatal myocytes (n =5, middle panel), and adult myocytes (n=6, bottom panel) is shown. In more mature cells, note the shift in the peak induced current toward more positive potentials. The inserts illustrate sample data tracings of ICa as a function of time for depolarizations to -20, +10, and +40 mV Note the differences in scale of the ordinate between the three age groups. In all age groups, depolarization induces activation, followed by rapid inactivation of 'c,* Holding membrane potential was -80 mV Standard deviations range from 19% to 53% ofpeak current. Inward current is expressed as a downward deflection of the current tracing. The temperature was 24°C.
-40 -20 0 20 40 60 MEMBRANE POTENTIAL (mV) age group. The rightward shift in f. in adult cells without a concomitant shift in d. provides a greater area of overlap of these two curves, resulting in enhanced window currents in this age group. This area is not large for any of the three age groups, and as expected, these cells do not exhibit prominent sustained lCa. However, 
Graphs showing steady-state activation (d4) and inactivation (f.). d, was quantitated as the ratio of measured peak inward Ca2+ current (It, peak Ca2+ current at test potential [V,]) to the expected maximal Ca 2+ current for each conditioning potential. '0 18"9 Maximal Ca 2+ current was extrapolated from the linear portion of the peak Ca 2+ current-voltage relation, i.e., d,=I1/[gx(VK-Vr)], where g is Ca 2+ channel conductance and Vr is the apparent Ca2+ channel reversal potential. f, was determined by measuring the peak current elicited by a depolarization to +10 mVfrom a test potential and comparing it with the peak current produced by a depolarization to +10 mVfrom a holdingpotential of -100 mV Top leftpanel: Mean d, as a function ofmembrane potentialforfetal (n=5), neonatal (n=5), and adult (n=6) myocytes. When fit to a Boltzmann equation, neither the membrane potential producing half-maximal activation (V,2) nor the slope of the voltage dependence of activation (K) varied significantly with development (see text). The insert demonstrates the method used to quantitate d,. Full activation is taken as the regression line ofpeak current for membrane potentials between +40 and +60 mV See right panels for error bars. Bottom left panel: f, as a function of membrane potential for fetal (n, n=5), neonatal (0, n=5), and adult (*, n=6) myocytes. The shift in V,/2 with development is statistically significant (p<0.005). The insert demonstrates the method used to quantitate f.. Serial depolarizations were performed at progressively higher holding potentials, and inhibition ofpeak Ca 2+ current was determined. window current. The current density recorded at the end of 400-msec depolarization to a test potential (Vt) correlates well with the window current as calculated from peak ICa and steady-state inactivation (f.), i.e., d, xf,xgx(V,-Vr)=I,xf., where d. is steady-state activation, g is the conductance ofIca, Vr is the revenralpotentialforIca, and I, is peak Ic, at V, (see text). Curve fitting for inactivation of Ca 2+ current in a neonatal cell. Inward Ca2+ current induced by a depolarization to +10 mVwasfit as a function oftime by a curve with one exponential component ofactivation and two exponential components of inactivation using the least-squares method (CLAMPFIT curve-fitting algorithm, Axon Instruments, Inc., Foster City, Calif:; time, 3-400 msec; holding potential, -80 mV; each point represents the average of five sequential depolarizations). The curve of best fit is depicted in the figure as well as individual data points (shown at an acquisition rate of0.5 kHz for clarity). The correlation coefficient was greater than 0.99 for all tracings. The relative amplitude of the fast and slow time constants of inactivation and the time to 50% and 90% inactivation (t50 and t,o, respectively) were then determined from the curve (see legend to Table 1 ).
of activation and two exponential components of inactivation ( Figure 4) . It was then possible to estimate a time constant for the fast and slow components of inactivation and the time to 50% or 90% inactivation. In addition, the relative magnitudes of the fast and slow components of inactivation could be determined from Tfast and rj,, fast and slow time constants of inactivation, respectively; A,fa,t and A,,1o|w amplitude (coefficient) of the fast and slow components, respectively, as a percentage of both components; t50 and to, times to 50% and 90% inactivation of the peak current. Values are mean±SEM (n=5 for each age group).
The rate of inactivation of the Ca2' current in fetal, neonatal, and adult cardiac myocytes was determined during a 400-msec depolarization from -80 to + 10 mV. Each current tracing (mean of five sequential depolarizations for each cell) was fit with an exponential curve (one activation component and two inactivation components) from 3 to 400 msec (CLAMPFIT curve-fitting algorithm, Axon Instruments, Inc., Foster City, Calif.; see Figure 4 ). There was no significant change between age groups in any parameter. . Ca 2+ current (Ica) tracings as a function of stimulation frequency and resting membrane potential. Original current tracings are shown for a myocyte from each age group during a series of 10 depolarizations to + 10 mV. Left panel: At a resting membrane potential of -80 mV, the peak amplitude of Ica did not change during a train of stimulations at 0.2 Hz (left tracing) for any age group. At a faster stimulation frequency (1.5 Hz, right tracing), ICa in the immature cells was inhibited as compared with the control (initial) current amplitude. The current tracings for each train are shown partially overlapped (initial 100 msec of each depolarization) to allow direct comparison of the peak ICa amplitude. Right panel: When the resting membrane potential was held at -40 mV, the amplitude of Ica in immature cells was inhibited even during stimulation at a frequency of 0.2 Hz (left tracing). The inhibitory effect of rapid stimulation frequency (1.5 Hz, right tracing) was prominent in all three age groups at a resting membrane potential of -40 mV The scale of the initial current for these cells has been normalized for comparative purposes. The initial current amplitudes for the fetal, neonatal, and adult cell were -54, -122, and -1,875 pA, respectively. these curves. These measures of the kinetics of inactivation are summarized in Table 1 . Since the apparent fast and slow time constants of inactivation exhibit only a fourfold to fivefold difference, we cannot conclude that 'Ca inactivation occurs with two distinct time constants. However, our data demonstrate that there was no age-related change in any inactivation parameter.
Effects of Stimulation Frequency
In some preparations of cardiac myocytes, the magnitude of lc, is dependent on the frequency of stimulation. 20 We hypothesized that immature myocytes may "compensate" for their decreased peak current density by exhibiting less frequency-dependent inactivation than mature cells. Therefore, we compared the effect of increased frequency of stimulation on peak ICa among the three age groups.
The left panel of Figure 5 depicts tracings of 'Ca amplitude plotted as a function of time during a series of 10 depolarizations from a holding potential of -80 mV to a test potential of 10 mV. The 10 tracings from a cell in each age group are partially superimposed to allow comparison of the peak amplitudes. For all three age groups, there is no change in the amplitude of ICa between the control (initial) current and the steadystate current at a stimulation frequency of 0.2 Hz ( Figure 5 , left tracings). However, at a higher stimulation frequency (1.5 Hz, Figure 5 , right tracings), the steady-state current in immature cells is inhibited.
This age-related difference in sensitivity to stimulation frequency is accentuated when the cell resting membrane potential is depolarized to -40 mV. Under these conditions, there is a marked inhibition of 'Ca in immature cells even at low stimulation frequencies ( Figure 5 , left tracings in right panel). At higher stimulation frequencies ICa is inhibited in all three age groups ( Figure 5 , right tracings in right panel).
These observations are confirmed by the data in Figure 6 , which demonstrate the inhibition of 'Ca with increasing stimulation frequency (0.2, 0.5, 1, and 1.5 Hz) for the mean of five cells from fetal and neonatal rabbits as well as six cells from adult rabbits. 'Ca in immature cells is inhibited at higher stimulation frequencies, whereas mature myocytes show little dependence on the frequency of stimulation ( Figure 6 , left panel; holding potential, -80 mV). At a more positive holding potential (-40 mV), Ic was inhibited in all age groups at each of the stimulation frequencies tested ( Figure 6 , right panel). However, the immature myocytes again showed greater frequency-dependent inhibition of lCa as compared with the adult myocytes.
Recovery From Inactivation
After inactivation of Ca' channels during depolarization, current cannot flow until the channels are allowed to recover from inactivation (i.e., when the inactivation gates reopen). This process is dependent on membrane potential. At more positive membrane potentials and higher stimulation frequencies, full channel recovery may not occur, resulting in a decrease in depolarization-induced Ca' current. Accordingly, the time constant of recovery from inactivation was studied to determine the role of recovery from inactivation in the previously described frequency-dependent inhibition of 1Ca. Figure 7 illustrates the protocol used to calculate the time constant of inactivation of Ic. At a resting membrane potential of -80 mV, ICa recovery from inactivation is quite rapid. After a 400-msec depolarization to 10 mV, which completely inactivates ICa (see Figure 1 ), inward lCa can be induced by a second depolarization within 50 msec of the end of the previous depolarization. In each age group, depolarization-induced 1Ca amplitude returns to near control values within 200 msec (Figure 7, left panel) . In contrast, the recovery time from inactivation is prolonged when the resting membrane potential is -40 mV (Figure 7 , right panel). As seen in Figure 8 , the time constant of recovery from inactivation increases exponentially with membrane potential in the range from -80 to -40 mV for both immature and mature cells. However, the mean time constant of recovery is longer for immature cells than for adult myocytes at each membrane potential. When plotted on a semilogarithmic scale (Figure 8, insert) , the relation between resting membrane potential is nearly linear. The shift in the regression lines with age is statistically significant (p<0.01), whereas the slopes of these lines are not different.
Discussion
The major findings of the present study are as follows: Holding potential (VHOLD) was -80 mV Right panel: When VHOLD was decreased to -40 mV, all three groups exhibited significant inhibition ofICa at higher stimulation frequencies, but this effect continued to be most prominent in the immature cells.
quite modest stimulation frequencies (0.5 Hz), immature myocytes exhibit significantly decreased ICa, whereas adult myocytes showed no frequency dependence at a physiological holding potential (-80 mV).
3) The voltage dependence of the time constant of recovery from inactivation for Ica is shifted toward more positive potentials in mature cells. 4) No difference in the voltage dependence of activation or the time course of inactivation of 1Ca was found among fetal, neonatal, and adult myocytes. These results suggest that the kinetic properties of 1Ca contribute to the relatively smaller Ca2' influx in Ca' channels in developing rabbit myocardium as compared with mature heart.
Age-Related Changes in Voltage Dependence of Kinetic Parameters
The developmental differences observed in the V1/2 of steady-state inactivation may result from changes in the +10 m -80 mV FETAL channel itself (i.e., the voltage sensor or the coupling mechanism between the sensor and the inactivation gate). Alternatively, the observed changes in voltage dependence may reflect localized differences in the membrane potential near the Ca' channel voltage sensor (i.e., a change in the local membrane potential as a result of differences in surface charges or a change in the conformation of the channel mediated by differences in the composition of the cell membrane).21 '22 The experiments presented here do not specifically address the mechanism of the observed developmental changes in ICa. However, the many similarities in kinetic properties of 'Ca among the three age groups studied may indicate that the structure of the channel itself does not change with development. For example, the absence of an age-related change in the slope (K) of the da, fa, and recovery from inactivation curves suggests that the gating charge is unchanged throughout development. . Protocolformeasurement ofrecoveryfrom inactivation. Leftpanel: Recoveryfrom inactivation was determined using a two-pulse protocol (shown above data tracings). A 400-msec depolarization from -80 to +10 mV was followed by a second depolarization to +10 mV after a variable recovery period. Illustrated below are current tracings resulting from the initial depolarization and a second stimulation at 50, 100, and 200 msec after the end of the first depolarization. Note the rapid recovery of inducible ICa at a resting membrane potential of -80 mV Current data from a fetal, neonatal, and adult myocyte have been normalized to facilitate comparison of the time course of ICa recovery from inactivation. Right panel: By use of a similarprotocol, recovery of ICa is quite prolonged at a resting membrane potential of -40 mV. Recovery from inactivation is quantitated as the ratio ofpeak inward Ca 2+ current induced by a pair of depolarizations to +10 mV as a function of the time separating the depolarizations. The time constant ofrecovery from inactivation (r) is determined from the best single exponential fit of the fractional current as a function ofrecovery time. The time constant ofrecovery from inactivation is plotted as a function ofmembrane potential forfetal (zi, n=5), neonatal (o, n =5), and adult (*, n =6) myocytes. In each age group, r exhibits a logarithmic dependence on membrane potential. There is a progressive age-related shortening of the time constant recorded at each membrane potential reflected by the rightward shift in the curves with development (p <O. 001). However, there is no significant change in the slope of the regression line for log(r) vs. voltage with development (insert).
The observed change in the voltage dependence of inactivation may result from a localized change in the membrane potential near the Ca 2+ channel (i.e., a difference in surface charge). This would result in a shift in the apparent voltage dependence without otherwise affecting the time and voltage dependence of the channel.
The finding that the voltage dependence curves of steady-state inactivation and of recovery from inactivation are shifted toward more positive potentials in a similar fashion suggests that a single voltage sensor may regulate both processes. In contrast, the V1/2 for steadystate activation exhibits little change with development, suggesting that the voltage dependence of activation is determined by a mechanism separate from that of inactivation. Two distinct types of voltage-gated Ca channels (L-type and T-type) have been described in cardiac myocytes. 20 We have previously found that the prevalence of T-type Ca2' channels is much lower in neonatal myocytes than in mature myocytes."1 In adult cells, T-type Ca21 currents are quite small and represent an insignificant proportion of peak Ca 2+ influx during depolarizations to positive membrane potentials (e.g., + 10 mV) where L-type channels are prominent. As can be seen in the bottom left panel of Figure 2 , there is no difference in the maximal current induced by depolarization to + 10 mV from a holding potential of -80 mV (T channels activated) and -50 mV (T channels inactivated). Therefore, T-type channel activity should not significantly affect our results regarding steady-state inactivation, the time course of inactivation of 1Ca at 10 mV, or the time course of recovery from inactivation.
Comparison With Other Preparations
Although the kinetic properties of fetal cardiac Ca'2 channels have not been previously described, Ca 2+ channel d., fL, and a time constant of inactivation have been reported for other preparations of adult and neonatal cardiac myocytes. Using methods similar to the present study, Osaka and Joyner10 have compared properties of 'Ca between acutely isolated neonatal and adult rabbit cardiac myocytes. Cohen and Lederer16 have compared measurements of Ica in cultured neonatal rat myocytes with those from acutely isolated adult rat myocytes. In agreement with our results, both groups report little difference in d. between neonatal and adult rabbits.10, 16 Osaka and Joyner10 have also reported only a minimal difference (1 mV) in f. between neonatal and adult cardiac myocytes. By extending our measurements of f. into earlier stages of development, we have demonstrated a significant amount of fa of lCa at relatively negative membrane potentials that have little or no effect on lCa in adult cells. In contrast to these results, Cohen and Lederer16 found that, in rat heart, d, oc-curred at more negative potentials in adult cells as compared with cultured neonatal myocytes. This difference was abolished by the inhibition of SR Ca2`accumulation with ryanodine or caffeine. The significance of this intriguing species difference is not clear at present. The prominent effect of drugs inhibiting SR function on 'Ca in rat may reflect the marked dependence of this species on SR Ca2`release to maintain tension.
As described above, we have found no age-related differences in the time course of inactivation (membrane potential, 10 mV). Osaka and Joyner10 have reported a somewhat longer time to half inactivation for neonatal cells (membrane potential, 0 or 10 mV) as compared with adult cells. They attribute this effect to an increased Ca2`-dependent inactivation in adult cells associated with their larger Ilc density since no difference between neonatal and adult myocytes was seen when Ba2`was used as the charge carrier. Thus, their results may reflect incomplete buffering of intracellular Ca2`by EGTA in the adult cells. In rat heart, Cohen and Lederer16 fit the inactivating Ic to a single exponential. The measured time constant for cultured neonatal cells was similar to that of adult cells in the presence of ryanodine but not in the absence of ryanodine, again reflecting the unusual relation between the SR and Ica in rat myocardium.
To summarize, the activation and the time course of inactivation of Ilc do not appear to change significantly from the final third of gestation through adulthood. In contrast, f. of Ica occurs at progressively more positive membrane potentials as the myocytes mature.
Potential Implications for Systolic Function
It is now well established that immature rabbit myocytes exhibit smaller peak Ilc density, less responsiveness to ,B-adrenergic stimulation, and decreased prevalence of T-type Ca2`channels as compared with mature myocytes.'0-3 Several reports of 1Ca density in rabbit heart have demonstrated a 23-56% smaller peak current density in immature heart as compared with adult values.10-'2 However, the smaller size of the immature cells results in a larger surface area/volume ratio (1.01 1m-' for fetal cells versus 0.47 ,um`1 for adult cells).23
Thus, the increase in intracellular [Ca2+] attributable to Ilc may be fairly constant with development.
Nassar et a124 have reported the concentration of Ca2' required to produce 50% activation of adult skinned rabbit myofilaments to be 1.6 ,mol/l. Since lCa has been estimated to contribute <10% of the Ca21 available for tension generation in adult cardiac tissue,. 25 Ica in immature rabbit heart under similar circumstances may be expected to increase intracellular [Ca21] by 0.16 ,umol/l. This increase is far smaller than the concentration required to achieve 50% myofilament activation in neonatal heart (1.4 ffmol/l).24 Thus, the relatively deficient Ca21 influx via peak 'Ca may be insufficient to activate contraction in immature heart.
Our current findings demonstrate that the kinetic properties of Ilc, in immature cells may place them at an additional disadvantage as compared with mature cardiac myocytes in terms of total Ca`influx via voltagegated Ca21 channels. Specifically, immature myocytes do not appear to compensate for the decreased peak of 'Ca by increasing Ca2+ influx via a delayed time course of inactivation or an increase in sustained (window) cur-rent. This result is the converse of the enhancement of 'Ca in immature myocytes that might be expected on the basis of the known dependence of contraction in developing cells on transsarcolemmal Ca2 entry.6-9 However, the possibility that other factors may augment Ca>2 influx via volt-gated Ca' channels in immature cells (such as changes in action potential configuration or Ca2+ channel selectivity) cannot be excluded. For example, differences in action potential configuration have been described at different stages of development and in different anatomic locations within the heart (endocardial versus epicardial).26 These changes in action potential configuration have been related to the activity of the transient outward K' current and may be species specific. 27 Although the precise influence of these developmental changes in the time course of membrane depolarization and repolarization are not readily predictable from our present data, these influences on total Ca 2+ influx are likely to be small. The action potential plateau generally varies between 0 and 20 mV, near the horizontal portion of the current-voltage relation for ICa, so small changes in membrane potential will have little effect on peak Ca21 influx. In addition, the rapid inhibition of 'Ca and the small magnitude of 'Ca window currents relative to peak ICa influx in all age groups limit the potential influx of Ca21 via 'Ca during the later portions of the action potential.
The apparent lack of a kinetically mediated compensatory increase in Ic-dependent Ca21 influx in immature cells suggests that immature myocytes use an additional mechanism to support transsarcolemmal Ca21 influx and cell contraction. This hypothesis is supported by work with isolated papillary muscle, which has demonstrated significant developmental differences in the time and voltage dependence of tension generation.7,28 Thus, the immature heart may exhibit a primitive form of excitation-contraction coupling, mediated by an alternative transport system such as Ca> entry via reversal of the Na+-Ca2' exchange mechanism.
Previous reports have documented the central role of 'Ca in supporting action potential duration and amplitude in immature myocardium. We have shown that the inhibitory effect of the Ca2' channel blocker, diltiazem, on tension generation in immature heart is eliminated if the duration and amplitude of the depolarization are controlled. 28 These results suggest that, in immature heart, Ca> entry, perhaps via "reverse" Na+-Ca' exchange, may be gated by and therefore dependent on the action potential duration. In addition, because of its deficiency in SR activity, immature heart relies on "forward" Na+-Ca2 exchange during diastole to extrude Ca21 from the sarcoplasm and induce cell relaxation. Therefore, Ca2+ efflux and cardiac diastolic function are likely to be critically dependent on the duration of diastole and to deteriorate significantly at rapid heart rates.
Potential Implications for Diastolic Function
Immature myocardium is known to operate near the peak of its length-tension relation and in a nearly maximal inotropic state.2930 Thus, cardiac reserve is limited largely to increases in heart rate. 30 Fetal heart rate in the resting state is elevated as compared with adult values and may reach rates of 200 beats per minute or more under stress (e.g., birth, fever, dehydration, or heart failure). Under these conditions, the duration of diastolic depolarization is markedly shortened, impairing the ability of Na+-Ca2' exchange to extrude Ca2' from the sarcoplasm. Moreover, the resting membrane potential of immature cardiac myocytes is normally less negative than that of mature cells. 31, 32 This physiological depolarization may be increased by pathological stresses such as hyperkalemia, acidosis, or treatment with cardiac glycosides. Under these conditions, lCa in developing heart will be inhibited to a greater extent than in mature cardiac myocytes because of the observed developmental differences in the voltage dependence of steady-state inactivation of 'Ca and the recovery time of ICa after inactivation. It is interesting to speculate that the difference in the regulation of ICa in immature heart described in the present article, particularly the pronounced inhibition of lc, at higher stimulation frequencies and depolarized resting potential, may help to preserve diastolic function in the stressed immature heart by decreasing the systolic entry of Ca2' both directly and via reductions in the action potential duration. Thus, the kinetic characteristics modulating ICa in the fetus and newborn may represent an advantageous adaptation to the unique challenges faced by the immature myocardium. To summarize, we have shown that there is a progressive age-related shift in the voltage dependence of calcium channel f, and the time constant of recovery from inactivation between fetal, neonatal, and adult rabbit cardiac myocytes. d, and the time course of inactivation are unchanged with development. These data are inconsistent with the hypothesis that Ica provides the predominant source of Ca' influx required for cell contraction in the immature heart. However, these findings may have important implications for diastolic function of the immature heart under stress.
